Nuclear reaction cross sections are usually very small in typical astrophysical environments. It has been one of the major challenges of experimental nuclear astrophysics to assess the magnitude of these cross sections in the laboratory. For a successful experiment high luminosity beams are needed. Increasing the target width, one also increases the reaction yields. But, this is of limited use due to multiple scattering in the target. Storage rings are a very good way to overcome these difficulties. In principle, they can be tuned to large luminosities, and have the advantage of crossing the interaction region many times per second (typically one million/s), compensating low density internal gas targets, or low reaction rates in beam-beam collisions. Storage rings are also ideal tools for precise measurements of masses and beta-decay lifetimes of nuclei of relevance for astrophysics.
and also in the determination of the cosmological parameter Ω B [6] .
Inhomogeneous Big Bang
Inhomogeneous Big Bang models allow for fluctuations in baryon densities that are related to different neutron mass fractions at the beginning of nucleosynthesis. These models involve some nuclear reactions of which cross sections were not known. The postulated dominant flow path, which bypasses the A=8 gap, is 4 He(t, γ) 7 Li(n, γ) 8 Li(α, n) 11 B(n, γ) 12 B(β − ν) 12 C. Here, the 8 Li(α, n) 11 B reaction was completely unknown. The first experiment was made using the reverse reaction 11 B(n, α) 8 Li,
finding a large resonance at around 0.5 MeV above the α threshold in 12 B [7] . This energy corresponds to the Gamow peak of 10 9 K, which is a typical temperature for heavy elemental synthesis in the primordial site. However, this reaction has been measured directly using a low-energy 8 Li beam at E c.m. ≥ 1.5 MeV [8] at RIKEN.
The cross section estimated by an extrapolation to E c.m. ∼ 0.5 MeV is larger than the previous value [7] by roughly a factor of 5. The reason for the difference between the two results is that the inverse process uses a stable 11 B beam. Thus, only the cross section for the transition to the ground state was determined by using the principle of detailed balance. However, there are at least four more excited bound states of 11 B which contribute to the production of 11 B through 8 Li(α, n) 11 B * (γ) 11 B. This is a very interesting subject to be pursued by a direct measurement at E c.m. ∼ 0.5 and shows the importance of radioactive beam facilities for astrophysical purposes.
The Sun
Because of the work of Bahcall and collaborators, there seems to be a very consistent understanding of the hydrodynamics and the nuclear reaction network in the Sun [9] .
The main network for energy production in the sun is the well known ppI-chain, with the net result of fusing four protons to form one tightly bound 4 He nucleus. In a 14%
branch, a 7 Be nucleus is produced via the 3 He + 4 He → 7 Be + γ radiative capture process. In a very rare event, the 7 Be nucleus will capture a proton to form 8 
Although this chain delivers a very small part of the energy produced in the sun, it is responsible for the emission of high-energy neutrinos. These high energy neutrinos play an important role in the history of the search for solar neutrinos. Terrestrial detection of solar neutrinos have lead to the conclusion that an appreciable part of these neutrinos are missing. This is known as the solar neutrino problem, which persists for about two decades [9] . Due to the Coulomb barrier, the reaction cross section 7 Be(p, γ) 8 B is very small at the Gamow peak (∼ 20 keV). Direct measurements have reached E p−Be ∼ 140 keV. However, discrepancies among experimental data are evident as shown in figure 3 . Long ago, Barker [10] has emphasized that an analysis of the existing experimental data yields an S-factor for this reaction at low energies which is uncertain by as much as 30%. This situation has not changed. A measurement of this reaction at the Gamow peak is highly desirable.
1. [11] . The 12 C produced can capture an α-particle to form 16 O. This 12 C(α, γ) 16 O reaction is a key process for the elemental abundances of heavy elements, and for the evolution of the stars. It is argued that the cross section for this reaction should be known to better than 20%, for a good modeling of the stars [12] . This goal has not yet been achieved. 
is therefore still unknown with the required precision.
Rapid capture processes
With increasing temperatures and densities of the core the star reaches advanced burning stages. Then carbon burning (T ∼ 5×10 8 K, ρ = 1−2×10 5 g/cm 3 ) is followed by neon burning (T ∼ 5×10 8 K, ρ = 4×10 6 g/cm 3 ), oxygen burning (T ∼ 1.5×10 9 K, ρ = 10 7 g/cm 3 ) and silicon burning cycles (T ∼ 3 × 10 9 K, ρ = 3 × 10 7 g/cm 3 ). The star then forms 56 F e which is the end point of spontaneous nuclear fusion. The energy released by nuclear fusion stops and the core collapses due to gravitation pressure.
The iron nuclei are broken up, absorbing energy from the plasma, and accelerating the collapse. The high density of the core favors electron capture, transforming protons in neutrons and emitting neutrinos, which escape from the star. When the core density reaches densities of about 2.4×10 14 g/cm 3 (nuclear matter density), it cannot contract further, bounces back, and a shockwave will run through the outer layers of the collapsed star. However, this shockwave does not carry enough energy to explode the star. The shock is heating the material to such high temperatures that the previously produced iron is photo disintegrated again. This process takes 4-7 MeV per nucleon and can finally explode the star. Because of the heating and expansion of the gas, a zone with low density and high temperature will be formed behind the shockfront, the so-called high-entropy bubble.
During the subsequent cooling of the plasma the nucleons will recombine again, first to α-particles, then to heavier nuclei, starting with the reactions 3α → 12 C and α + α + n → 9 Be, followed by 9 Be(α,n) 12 C. Temperature and density are dropping quickly in the adiabatically expanding high-entropy bubble. This will hinder the recombination of alpha particles into heavy nuclei, leaving a high Y n /Y seed and sufficient neutrons for an r-process, (acting on the newly produced material) at the end of the α-process after freeze-out of charged particle reactions. Approximately half of all stable nuclei observed in nature in the heavy element region about A > 60 is produced in the r-process. This r-process occurs in environments with large neutron densities which lead to τ n ≪ τ β .
The most neutron-rich isotopes along the r-process path have lifetimes of less than one second and more typically 10 −2 to 10 −1 s. Cross sections for most of the nuclei involved cannot be experimentally measured due to the short half-lives. Therefore, theoretical descriptions of the capture cross sections as well as the beta-decay halflives are the only source of the nuclear physics input for r-process calculations. For nuclei with about Z > 80 beta-delayed fission and neutron-induced fission might also become important (for a review, see [14] ).
COSMOCHRONOMETRY
Presently, the most important application of storage rings to nuclear astrophysics has been the determination of bound-β-decay lifetimes. An ingenuous experiment performed with the heavy-ion storage ring ESR at GSI/Darmstadt measured the β-decay half-life of bare 163 Dy [15] . The 163 Dy 66+ ions were stored and accumulated in the ring. Contrary to neutral atoms the electron originated from β-decay of bare nuclei can occupy one of the atomic orbits in the nucleus. This reduces dramatically the β-decay half-lives of several nuclei, or can be the only way that the β-decay can proceed. In fact, the experiment deduced a half-life of 47
d for bare 163 Dy, which is stable as a neutral atom.
More recently [16] , the same method was used to study the bound β-transitions The subject of bound β-decay experiments is discussed in more details by O.
Keppler in this proceedings.
DETERMINATION OF ASTROPHYSICAL NU-CLEAR RATES
To calculate astrophysical reaction rates with some reliability, one needs to know several nuclear properties which have to be assessed experimentally. Here we give
some examples of what can be studied with storage rings.
Elastic Scattering and (p, p ′ ) reactions
The use of internal proton gas targets is a standard technique in storage rings. Protons are a very useful probe since their internal structure remains unaffected during low energy collisions. Nuclear densities are a basic input in theoretical calculations of astrophysical reactions at low energies. These can be obtained in, e.g., elastic proton scattering. Elastic scattering in high energy collisions essentially measures the Fourier transform of the matter distribution. Considering for simplicity the one-dimensional case, for light nuclei one has e iqx ρ(
.e −|q|a , where q = 2k sin θ/2, for a c.m. momentum k, and a scattering angle θ. For heavy nuclei the density ρ is better described by Fermi function, and
. sin qR.e −πqa , for R >> a, and qa >> 1. Thus, the distance between minima in elastic scattering cross sections measures the nuclear size, while its exponential decay dependence reflects the surface diffuseness.
During the last few years, elastic proton scattering has been one of the major sources of information on the matter distribution of unstable nuclei in radioactive beam facilities. The extended matter distribution of light-halo nuclei ( 8 He, 11 Li, 11 Be, etc.) was clearly identified in recent elastic scattering experiments [18, 19] . Information on the matter distribution of many nuclei important for the nucleosynthesis in inhomogeneous Big Bang and in r-processes scenarios could also be obtained in elastic scattering experiments. Due to the loosely-bound character and small excitation energies of many of these nuclei, high energy resolution is often necessary. These can be achieved in storage rings by means of electron cooling, or stochastic cooling.
In (p, p ′ ) scattering one obtains information on the excited states of the nuclei.
For the same reason as in the elastic scattering case, high energy resolutions obtained in storage rings are of crucial relevance [19] .
Transfer Reactions
The cross section for transfer reactions A(a, b)B are given by
where S AB is the spectroscopic factor for the overlap integral of the wave functions of nuclei A and B. If a = b + x (stripping reaction), this integral is given by ψ x (r xB ) = dξΦ * A Φ B . In eq. (2), lj denotes the angular momentum quantum numbers of the particle x within B and M lj is an integral of the product of the interaction V bx , the incoming and outgoing scattering states χ In the case of a single isolated resonance the resonant part of the cross section is given by the Breit-Wigner formula
The partial widths of the entrance and exit channels are Γ in and Γ out , respectively. The total width Γ tot is the sum over the partial widths of all channels. The particle width Γ p can be related to the spectroscopic factors S and the single-particle width Γ s.p. by 
where S m is the channel separation energy, and the summation over excited states above the highest experimentally known state ν m is changed to an integral over the level density ρ. The energy, spin and parities of the states are denoted by E m , J m and π m , respectively.
The necessary condition for application of statistical models is a large number of resonances at the appropriate bombarding energies, so that the cross section can be Mass and half-life measurements of neutron deficient isotopes is currently of strong interest. Recently, network calculations have been extended up to the mass 100 (Z=50) and different mass formula have been tested (Hilf, Jaenecke, Möller, etc.) [22] . For the half lives QRPA and partly shell model calculations were used. It turns out that the reaction path and also the time scale for the rapid proton capture process are strongly determined by the masses. This is in particular very sensitive in the mass 80 region where large deformation effects have to be considered. Also to be measured need to be the decay of the isotopes along the N=Z line in this mass range. The measurement of 80 Zr has just been completed and of 84 Mo has been proposed [22] .
But, there is still a lot more to be done.
Trojan Horse
In order for transfer reactions A(a, b)B to be effective, a matching condition between the transferred particle and the internal particle momenta has to exist. Thus, beam energies should be in the range of a few 10 MeV per nucleon. It has been proposed that low energy reactions of astrophysical interest can be extracted directly from breakup reactions A + a −→ b + c + B by means of the Trojan Horse effect [23] . If the Fermi momentum of the particle x inside a = (b+x) compensates for the initial projectile velocity v a , the low energy reaction A+x = B +c is induced at very low (even vanishing)
relative energy between A and x. To show this, one writes the DWBA cross section for the breakup reaction as
where
. In addition to the threshold behaviour of S lx , the breakup cross section is also governed by the threshold behaviour of f l (r), which
, where K l denotes the Bessel function of the second kind of imaginary argument. The quantity ξ is independent of k x and is given by ξ = (8r/a B ) 1/2 , where a B =h 2 /mZ A Z x e 2 is the Bohr length.
From this one obtains that
const.. The coincidence cross section tends to a constant which will in general be different from zero. This is in striking contrast to the threshold behavior of the two particle reaction A + x = B + c.
The strong barrier penetration effect on the charged particle reaction cross section is canceled completely by the behaviour of the factor T lm for η → ∞. Thus, from a measurement of the breakup reaction A+a −→ b+c+B and a theoretical calculation of the factors T lm one could extract the S-matrix elements S lx needed for the reaction 
Asymptotic Normalization Coefficients
The amplitude for the radiative capture cross section b + x −→ a + γ is given by Recently, this technique has been applied to the reaction 7 Be(d, n) at E c.m. = 5.8
MeV to determine the asymptotic normalization for 8B [25] . The astrophysical S 17 (0) factor for the 7 Be(p, γ) 8 B reaction was derived to be 27.4 ± 4.4 eV.b through the asymptotic normalization coefficient extracted from the experimental data. This is a rather high value, compared to previous measurements, as can be seen from figure 3.
Charge-exchange, (p, n), Reactions
Charge exchange induced in (p, n) reactions are often used to obtain values of Gamow-
Teller matrix elements which cannot be extracted from beta-decay experiments. This approach relies on the similarity in spin-isospin space of charge-exchange reactions and β-decay operators. As a result of this similarity, the cross section σ(p, n) at small momentum transfer q is closely proportional to B(GT ) for strong transitions [26] .
The efficiency of many ν detectors ( 37 Cl, the proposed 115 I and 127 I detectors, etc.) depends on the cross section for absorption of neutrinos, through inverse β decay, in the detector material. When corresponding matrix elements for allowed GT beta decay cannot be measured in β decay experiments, for example, if the β decay is not energetically allowed, it is common to obtain these matrix elements using charge exchange reactions.
Such experiments could be carried out using storage rings. However, there is some debate if the accuracy of (p, n) reactions as a calibration of solar neutrino detectors can be achieved. As shown in ref. [27] , for important GT transitions whose strength are a small fraction of the sum rule the direct relationship between σ(p, n) and B(GT ) values fails to exist. Similar discrepancies have been observed [28] for reactions on some odd-A nuclei including 13 C, 15 N, 35 Cl, and 39 K and for charge-exchange induced by heavy ions [29] .
Coulomb Dissociation Method
We now consider projectile breakup reactions a + A −→ b + x + A in which (a) the target A remains in the ground state, (b) the nuclear contribution to the breakup is small, and (c) the breakup is a first order process. Then the (differential, or angle integrated) breakup cross section can be written as σ
, where ω is the energy transferred from the relative motion to the breakup, and σ πλ γ (ω) is the photo nuclear cross section for the multipolarity πλ and photon energy ω. The function F πλ depends on ω, the relative motion energy, and nuclear charges and radii.
They can be very accurately calculated [30] for each multipolarity πλ.
Time reversal allows one to deduce the radiative capture cross section b + x −→ a + γ from σ πλ γ (ω). Thus, assuming that the conditions (a-c) apply, the Coulomb dissociation can be used to deduce σ(b + x −→ a + γ). This method was proposed in ref. [31] . It has been tested successfully in a number of reactions of interest for astrophysics. For example, the d(α, γ) 6 Li, relevant for the evolution of the primordial fireball has been measured down to 100 keV by using the breakup of 156 MeV 6 Li ions on several targets [32] . commonly used in solar model calculations [9] . However, this CDM experiment yields a rather large E2 breakup cross section which has to be subtracted from the total 
